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QHXURQFHOO0DQ\DUWLILFLDOQHXUDOQHWZRUNV/6,ZHUHGHVLJQHGE\WKHDQDORJPHWKRG0DQ\SURFHVVLQJXQLWVFDQEH
LQVWDOOHG RQ D VLQJOHFKLS EHFDXVH HDFK XQLW FDQ EH DFKLHYHG ZLWK D VPDOO QXPEHU RI HOHPHQWV DGGLWLRQ
PXOWLSOLFDWLRQDQGWKHQRQOLQHDUWUDQVIRUPDWLRQ$QGLWLVSRVVLEOHWRRSHUDWHXVLQJWKHVXSHUSDUDOOHOFDOFXODWLRQ$V
DUHVXOWWKHKLJKVSHHGRIIHUVDQDGYDQWDJHFRPSDUHGWRWKHGLJLWDOQHXUDOQHWZRUNPHWKRG>@>@,QWKHSXUHDQDORJ
FLUFXLW WKH PDLQ SUREOHP LV WKH DFKLHYHPHQW RI DQ DQDORJ PHPRU\ KRZ WR PHPRUL]H DQDORJ TXDQWLW\ >@7KLV
SUREOHPKDVQRWEHHQVROYHG\HW7KH'5$0PHWKRGPHPRUL]HVLQWKHFDSDFLWRUDVWHPSRUDU\PHPRU\EHFDXVHLW
FDQEHDFKLHYHG LQ WKHJHQHUDOSXUSRVH&026SURFHVV>@+RZHYHUZKHQ WKHGDWDYDOXHNHHSV IRUD ORQJ WHUP
GLJLWDO PHPRU\ ZLOO DOVR EH QHHGHG ,Q WKLV FDVH '$ DQG $' FRQYHUVLRQ FDXVHV DQ RYHUKHDG SUREOHP 2WKHU
PHPRUL]LQJ PHWKRGV DUH WKH IORDWDJH JDWH W\SH GHYLFH IHUURHOHFWULF PHPRU\ )H5$0 DQG PDJQHWLF VXEVWDQFH
PHPRULHV05$0>@>@
1.1. Pulsed Neural Network 
$QRWKHUKDUGZDUHQHXUDOQHWZRUNPRGHOKDVEHHQSURSRVHG,WXVHVDSXOVHGQHXUDOQHWZRUN(VSHFLDOO\ZKHQ
SURFHVVLQJWLPHVHULHVGDWD WKHSXOVHGQHXUDOQHWZRUNPRGHOKDVJRRGDGYDQWDJHV,QSDUWLFXODU WKLVQHWZRUNFDQ
NHHS WKH FRQQHFWLQJ ZHLJKWV DIWHU WKH OHDUQLQJ SURFHVV >@ 0RUHRYHU WKH UHDVRQ WKH OHDUQLQJ FLUFXLW XVHV WKH
FDSDFLWRULVWKDWLWWDNHVDORQJWLPHWRZRUNWKHFLUFXLWV,QJHQHUDOWKHSXOVHLQWHUYDORIWKHSXOVHGQHXUDOQHWZRUNLV
DERXWȝ67KHSXOVHGQHXURQPRGHOUHSUHVHQWVWKHRXWSXWYDOXHE\WKHSUREDELOLW\RIQHXURQILUHV)RUH[DPSOHLI
WKHQHXURQ LV ILUHG WLPHV LQ DSXOVH LQWHUYDO WKHRXWSXWYDOXH LV DW WKLV WLPH7R UHSUHVHQW WKH DQDORJ
TXDQWLW\XVLQJWKH3XOVHG1HXURQ0RGHOWKHUHQHHGVWREHDERXWSXOVHV7KXVDERXWP6LVQHHGHGWRUHSUHVHQW
WKHRXWSXWDQDORJVLJQDORQDSXOVHGQHXURQPRGHO
,Q WKLV VWXG\ ZH XVHG WKHPXOWLSOH FLUFXLWV 7KH FRQQHFWLQJ ZHLJKWV GHVFULEH WKH LQSXW YROWDJH ,W LV HDV\ WR
FKDQJH WKHFRQQHFWLRQFRHIILFLHQW7KLVPRGHOZRUNVRQO\RQDQDORJHOHFWURQLFFLUFXLWV ,W FDQ ILQLVK WKH OHDUQLQJ
SURFHVVLQDYHU\VKRUWWLPHDQGWKLVPRGHOZLOODOORZIRUPRUHIOH[LEOHOHDUQLQJ5HFHQWO\PDQ\UHVHDUFKHUVKDYH
IRFXVHG RQ WKH VHPLFRQGXFWRU LQWHJUDWLRQ LQGXVWU\ (VSHFLDOO\ ORZ HOHFWULFDO SRZHU ORZ SULFH DQG ODUJH VFDOH
PRGHOVDUHLPSRUWDQW7KHQHXUDOQHWZRUNPRGHOH[SODLQVWKHELRPHGLFDOQHXUDOV\VWHP1HXUDOQHWZRUNKDVIOH[LEOH
OHDUQLQJDELOLW\0DQ\UHVHDUFKHUVVLPXODWHGWKHVWUXFWXUHRIWKHELRPHGLFDOEUDLQQHXURQXVLQJDQHOHFWURQLFFLUFXLW
DQGVRIWZDUH
1.2. Overview
7KH UHVXOWV RI WKHQHXUDO QHWZRUN UHVHDUFKSURYLGH IHHGEDFN WR WKHQHXUR VFLHQFH ILHOGV7KHVH UHVHDUFK ILHOGV
KDYHEHHQZLGHO\GHYHORSHGLQUHFHQWO\7KHOHDUQLQJDELOLW\RIDQHXUDOQHWZRUNLVVLPLODUWRWKHKXPDQPHFKDQLVP
$VDUHVXOWLWLVSRVVLEOHWRPDNHDEHWWHULQIRUPDWLRQSURFHVVLQJV\VWHPPDWFKLQJERWKDGYDQWDJHVRIWKHFRPSXWHU
PRGHODQGELRPHGLFDOEUDLQPRGHO7KHVWUXFWXUHRI WKHQHXUDOQHWZRUNXVXDOO\FRQVLVWVRI WKUHH OD\HUV WKH LQSXW
OD\HU LQWHUPHGLDWH OD\HU DQG RXWSXW OD\HU (DFK OD\HU LV FRPSRVHG RI WKH FRQQHFWLQJZHLJKW DQG XQLW $ QHXUDO
QHWZRUNLVFRPSRVHGRIWKRVHWKUHHOD\HUVE\FRPELQLQJWKHQHXURQVWUXFWXUHV>@>@
,QWKHILHOGRIQHXUDOQHWZRUNPDQ\DSSOLFDWLRQPHWKRGVDQGKDUGZDUHPRGHOVKDYHEHHQSURSRVHG$QHXURFKLS
DQGDQDUWLILFLDOUHWLQDFKLSDUHGHYHORSHGWRFRPSULVHWKHQHXUDOQHWZRUNPRGHODQGVLPXODWHWKHELRPHGLFDOYLVLRQ
V\VWHP ,Q WKLV UHVHDUFKZHDUHDGGLQJ WKHFLUFXLWRI WKHRSHUDWLRQDO DPSOLILHU7KHFRQQHFWLQJZHLJKW VKRZV WKH
LQSXWYROWDJHRIDGGLQJFLUFXLWV,QWKHSUHYLRXVKDUGZDUHPRGHOVRIQHXUDOQHWZRUNFKDQJLQJFRQQHFWHGZHLJKWV
ZDVGLIILFXOWEHFDXVH WKHVHPRGHOVXVHG WKH UHVLVWDQFHHOHPHQWVDV WKHFRQQHFWLQJZHLJKWV0RUHRYHU WKHPRGHO
ZKLFKXVHGWKHFDSDFLWRUDVWKHFRQQHFWLQJZHLJKWVZDVSURSRVHG+RZHYHULWLVGLIILFXOWWRDGMXVWWKHFRQQHFWLQJ
ZHLJKWV,QWKHSUHVHQWVWXG\ZHSURSRVHGDQHXUDOQHWZRUNXVLQJDQDORJPXOWLSOHFLUFXLWV7KHFRQQHFWLQJZHLJKWV
DUHVKRZQDVDYROWDJHRIPXOWLSOHFLUFXLWV7KHFRQQHFWLQJZHLJKWVFDQEHFKDQJHGHDVLO\7KHOHDUQLQJSURFHVVZLOO
EHTXLFNHU$WILUVWZHPDGHDQHXUDOQHWZRUNE\FRPSXWHUSURJUDPDQGQHXUDOFLUFXLWE\63,&(VLPXODWLRQ63,&(
PHDQVWKHHOHFWULFFLUFXLWVLPXODWRUDVVKRZQLQWKHQH[WFKDSWHU1H[WZHPHDVXUHGWKHEHKDYLRXUFRQILUPDWLRQRI
WKH FRPSXWHU FDOFXODWLRQ DQG63,&( VLPXODWLRQ:HFRPSDUHGERWKRXWSXW UHVXOWV DQG FRQILUPHG VRPHH[WHQWRI
(;25EHKDYLRXU>@
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HLJKWVE\YDUL
JHZHXVHG
UQLQJ LV SRV
VDPSOHKROG
WV LQSXW VLJQ
JHDQGZRUNL
WLPHLQWKHK
RQ LV LQ³VDP
VWUXFWHGWKH6
W
[SHULPHQW
ROG&LUFXLWV
HU ,Q WKLVFK
DEOHLQSXWYR
DQDORJIHHGE
VLEOH +RZHY
FLUFXLW WRKR
DO DQG RXWSX
QJVWDJH>@
ROGLQJPRGH
SOLQJPRGH´
DPSOH+ROG&


DSWHUZHH[S
OWDJH7KLVPR
DFNFLUFXLWV:
HU LQ WKH OH
OG WKHFRQQHF
WV WKH DQVZHU
,Q)LJZ
ZKHQWKHVZ
,Q WKHVDPS
LUFXLWE\&$
Error㻌
ODLQ WKHG\QD
GHOKDVWZRV
HXVHGDVH
DUQLQJ VWDJH
WLQJZHLJKWV
 FDOFXODWHGE
HVKRZWKH6
LWFK³6´LVWX
OLQJPRGH LW
'DQGVLPXOD
PLFDO
WDJHV
SDUDWH
 LW LV
LQ WKH
\ WKH
DPSOH
UQRII
LV WKH
WHGE\
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63,&
VLWXD
7KH
KROG
VHSD
WKHZ
FLUFX
,Q)
PHDQ
WKHX
7KHU
VLPS
RIRX
WKH &
FLUFX
,Q
ȝV
ZRUN
PRG
ZRUN
&LUF
ZHLJ
2Q
FRQQ
SXOV
+RZ
HOHFW
H[SH
LPSU
7KH
'
5
DWWHP
OHDUQ
DWWHQ


(,Q)LJ
WLRQWKHFLUFX
FLUFXLWFRQGLW
LQJPRGH,Q
UDWHQHXUDOQH
RUNLQJVWDJH
LWFDQPDNHS
LJZHVKR
VVXEWUDFWLRQ
SSHUSDUWWRW
H DUH WZR LQ
OLILFDWLRQILJX
USUHYLRXVS
DSWXUH &$'
LWVDVLQ)LJ
)LJZHVK
 DQG FRQYHUJ
LQJWLPHLVD
HO LV YHU\ KLJ
LQJ PRGH WK
XLWVLQ)LJ
KWV
 WKH RWKHU KD
HFWLQJZHLJK
HVDUHUHTXLUH
HYHU RXU SUR
ULFDO GHYLFH
ULPHQWWKHSH
RYHGE\XVLQJ
QXPEHURISD
HHS/HDUQLQJ
HFHQWO\DGHH
SWV WKHKLJK
LQJ ,Q WKH I
WLRQ
ZHVKRZWKH
LWFRQGLWLRQ
LRQLVZRUNLQJ
WKLVVLWXDWLRQ
WZRUNIRUHDF
 ,WFDQKROG
HULRGLFDOZRU
ZWKHOHDUQLQ
FLUFXLWV,Q)
KHORZHUSDUW
SXW OLQHV ,
UHVVKRZLQJ
DSHU>@>@
 E\ 63,&(

RZWKHUHVXO
HQFHYROWDJH
OVRȝV7KH
K LQ VSLWH R
H FLUFXLWV FD
:KHQWKH6
QG WKH SXOVH
WV DIWHU WKH OH
G$VWKHW\S
SRVHG PRGH
WKH OHDUQLQJ
UIRUPDQFHLV
DKLJKSHUIR
UWVLVIHZ7K
0RGHO
SOHDUQLQJP
OHYHOFDWHJRU
LHOG RI LPDJ
)LJ/HDUQ
VLPXODWLRQUH
LVOHDUQLQJVWD
VWDJH7KLVV
WKLVQHXUDOQH
KWHDFKLQJVL
WKHFRQQHFWLR
NOHDUQLQJP
JVWDJH³0X
LJZHVKRZ
LQ)LJPHD
LQ )LJ  DQ
WKHRQHLQSXW
ZHKDYHWKH
LQ )LJ  7K
WZKHQWKHLQS
 LV PY$
OHDUQLQJF\F
I D YHU\ VLPS
Q UHDOL]H IOH[
DPSOH+ROG
G QHXUDO 1HW
DUQLQJSURFH
LFDOSXOVHGQH
O LV FRQVWUXFW
VSHHG ZLOO E
ORZEHFDXVHR
UPDQFHHOHP
HFRVWZLOOQRW
RGHOKDVEHHQ
L]LQJRIGDWD
H UHFRJQLWLRQ
LQJWKH$XWRHQF
VXOWRIVDPSO
JH³.´PHDQ
WDJHPHDQVWK
WZRUNDFFHSW
JQDO5HDOWLP
QZHLJKWV ,Q
RGHDQGZRUN
O´PHDQVPX
WKHZRUNLQJ
QVIL[HGYDOX
G )LJ  +R
VLJQDORQHR
DGGLWLRQDOH[
LV FLUFXLW LV F
XWVLJQDOLVD
IWHU VSHQGLQ
OHRIWKLVFLUF
OH FLUFXLW XVL
LEOH OHDUQLQJ
&LUFXLWVLVLQ
ZRUN KDV DQ
VV+RZHYHU
XURQPRGHO
HG ZLWK D FK
H LPSURYHG P
IXVLQJJHQHU
HQWZKLFKKDV
UDLVHPXFKH
SURSRVHG'
XVLQJPXOWLS
 DQG VSHHFK
RGHUDQG5HPRY
HKROGFLUFXLW
VNHHSLQJWK
HFRQQHFWLQJ
VWKHLQSXWYD
HOHDUQLQJLV
 WKHZRUNLQJ
LQJPRGH
OWLSOHFLUFXLWV
VWDJHRIDQD
HRIVDPSOHK
ZHYHU ; D
XWSXWVLJQDOD
SHULPHQW:
RQVWUXFWHG E\
VTXDUHZDYH
JȝV WKHR
XLWLV
QJ ORZ FRVW
 :H VKRZ
NHHSLQJPRG
 DGYDQWDJH 3
LW WDNHV D ORQ
DERXWS
HDS HOHFWULFD
RUH WKDQ WKH
DOSXUSRVHLQ
DJRRGVOHZ
YHQLIJRRGS
HHSOHDUQLQJ
OHQRQOLQHDU
UHFRJQLWLRQ






LQJWKH'HFRGLQJ
V³7´PHDQV
HVLJQDOLQVS
ZHLJKWVNHHS
OXHDQGFDOFX
SRVVLEOH:H
VWDJH WKLVQ
³$GG´PHDQ
ORJQHXUDOQHW
ROGFLUFXLW,W
QG ; DUH HD
QGWZRNLQGV
HVWDWHGHDFK
PXOWLSOH LQ
:HJRWWKHU
XWSXWYDOXH L
WLPHVSHUVHF
HOHPHQWV 5H
WKH %DVLF 1H
HWKLVFLUFXL
DUWLFXODUO\ W
J WLPH IRU WK
XOVHVZHUHUH
O GHYLFH ,I Z
 SXOVHG QHXU
H[SHQVLYHSD
UDWH+RZHYH
HUIRUPDQFHS
LVDNLQGRID
WUDQVIRUPDWLR
WKH GHHS OHD
3DUWRI6WDFNHG
WUDFLQJWKHLQ
LWHRIFKDQJLQ
WKHYDOXHIRU
ODWHVWKHRXWSX
XVHGWKHVDP
HXUDOQHWZRUN
VDGGLWLRQDO
ZRUN7KHYR
FDQKROGWKHF
FK OHDUQLQJ S
RIOHDUQLQJS
UHVLVWDQFHRU
YHUVH DGGLWLR
HVXOWWKHOHDU
V FRQVWDQW:
RQG7KHOHDU
SHDWLQJ WKH O
XUDO &LUFXLW Z
WV¶RXWSXWVWK
KLV QHWZRUN
H OHDUQLQJSU
TXLUHGIRUWKH
H XVH WKH KL
RQPRGHO ,Q
UWV7KHRSHU
UWKLVV\VWHP
DUWVDUHXVHG
OJRULWKPVLQ
QVDQGRQHP
UQLQJ PHWKRG
$XWRHQFRGHU
SXWVLJQDO,
JWKHLQSXWV
DEULHIWLPH
WVLJQDO:H
SOHKROGFLUF
 LVZRUNLQJ
FLUFXLWVDQG³
LGDUURZOLQH
RQQHFWLQJZ
DWWHUQ 7KHV
DWWHUQV,QWKH
FDSDFLWRUYDO
Q DQG VXEWUD
QLQJWLPHLV
H DVVXPH WKD
QLQJVSHHGR
HDUQLQJPRGH
LWK 6DPSOH
HIL[HGFRQQH
FDQ DOVR NHH
RFHVVZKHQ
OHDUQLQJSUR
JK TXDOLW\ D
 WKH UHVXOW R
DWLQJVSHHGZ
LVDVLPSOHFL
OHDUQLQJPRG
HWKRGRIPD
 KDV DWWUDFWH
QWKLV
LJQDO
LQWKH
XVHD
XLWLQ
7KLV
6XE´
IURP
HLJKW
H DUH
EDVH
XHRQ
FWLRQ
DERXW
W WKH
IWKLV
 DQG
+ROG
FWLQJ
S WKH
PDQ\
FHVV
QDORJ
I WKLV
LOOEH
UFXLW
HO ,W
FKLQH
G WKH
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5.1.
7
QHWZ
LVF
LQSX
LQIR
UHSU
UHFX
PXO
LGHQ

6
5HF
VWUX
LPD
XQVX
IRUP
ERWW
PRG
WKH
,DQ
ZHL
WH
QHX
SLFN
The stacked 
KHVWDFNHGDX
RUN+RZWR
RPSOHWHGUHP
WOD\HUWRWKH
UPDWLRQ UHSU
HVHQWDWLRQLQS
UVLYHO\ UHSHD
WLOD\HU QHWZR
WLILHGQHWZRU
WDFNHG DXWR
HQWO\LWEHFDP
FWXUHLVQLQHO
JHVDVDQLQSX
SHUYLVHG OHD
HGZKLFKDU
OHV>@ ,Q WK
HOKDVRQO\R
QXPEHURIXQ
G,DUHLQSX
JKWV)LJP
DFKLQJVLJQDO
UDOQHWZRUN$
LQJXSHDFKQ
auto encoder
WRHQFRGHUL
FRQVWUXFWWKH
RYHWKHGHFR
LQWHUPHGLDWH
HVHQWDWLRQ 0
XWVLJQDOWRD
WHG DXWRHQF
UN LV FDOOHG
NXVLQJWKHRX
)LJ
HQFRGHUKDVE
HIDPRXVWK
D\HUVZLWKWK
WVLJQDOZKLF
UQLQJ XVLQJ W
H UHVSRQGVSH
H SUHYLRXV UH
QHLQSXWXQLW
LWVLQHDFKOD\
WXQLWV7ZR,
HDQVWKHVWUX
VRIHDFKSDW
OWKRXJKWKLV
HZFRQQHFWLQ
VRQHPHWKRG
GHHSOD\HUQ
GLQJSDUWRXW
OD\HU7KXV
RUHRYHU ZH
SSO\WKHDXWR
RGHU OHDUQLQ
VWDFNHG DXWR
WSXWRIWKHILQ
)LJ
7KHVWUXFWXUH
HHQ DSSOLHG
HOHDUQLQJH[S
UHHVXSHULPSR
KDUHFXWRXW
KH VWDFNHG DX
FLILFDOO\ WRY
VHDUFKZH G
DQGRQHRXWSX
HU1H[WZH
PHDQWZRLQ
FWXUHRILQ
WHUQ)LJ
PRGHOQHHGV
JZHLJKWVEH
RIGHHSOHDUQ
HWZRUNLVDVI
SXWOD\HURI
ZHREWDLQWKH
 REWDLQ PRUH
HQFRGHUOHDUQ
J DQG VWDFN
HQFRGHU ,Q W
DOOD\HUDQH
7KH&RPSUHVVH
RILQSXWRXWS
WR WKHYDULRX
HULPHQWRIIH
VHGVXEQHWZ
IURPPLOOL
WRHQFRGHU P
DULRXVNLQGV
HVFULEHG WKH
WXQLW7RUHD
FRQVWUXFWHGD
SXWV7DQG7
SXWRXWSXW
PHDQVWKHVWU
PDQ\QHXUDOF
WZHHQLQSXWO
LQJ7KLVLVW
ROORZV$IWHU
VWDFNHGDXWR
QHWZRUNZK
 FRPSUHVVHG
LQJ7KXVZ
HG WKH HQFRG
KLV ZD\ DIWH
ZVXSHUYLVHG
G,QWHUQDO5HSUH
XWDQGSDWWHUQ
V VXEMHFW DVZ
DWXUHH[WUDFWR
RUNVXFKDVF
RQSLHFHVRI<
HWKRG $V D
RIREMHFWV W\S
G\QDPLFDO QH
OL]HWKHKDUGZ
LQSXWRX
PHDQVWZR
DQGSDWWHUQ
XFWXUHRILQ
RQQHFWLRQVW
D\HUDQGPLG
KHSUHOHDUQLQ
WKHOHDUQLQJ
HQFRGHUDQGN
LFKFRQYHUWV
 LQWHUQDO UHS
HREWDLQDPX
LQJ SDUW RI
U EXLOGLQJ D
OHDUQLQJPHWK
VHQWDWLRQ
VDQDORJQHXUDOQ
HOO DV WKH'
UIURPDODUJH
RQYROXWLRQQH
RX7XEHYLGH
 UHVXOW LW KDV
HVVXFKDVD
XUDO QHWZRUN
DUHGHHSOHDU
WSXWDQGSDW
WHDFKLQJVLJQ
VDQDORJQHXU
SXWRXWSXW
KHOHDUQLQJVS
GOHOD\HU7K
JPHWKRGRI
SURFHVVRIVWD
HHSWKHFRGH
IURPLQSXWVLJ
UHVHQWDWLRQ D
OWLOD\HUHGKL
WKH QHWZRUN
PXOWLOD\HU Q
RGLVSURSRVH


HWZRUN
11ZKLFK LV
DPRXQWRILP
WZRUN,WZDV
R(DFKVXEQ
 EHHQ UHSRUWH
KXPDQIDFH
 OHDUQLQJPR
QLQJPRGHOZ
WHUQVQHXUDOP
DOV:DQG
DOQHWZRUN,W
SDWWHUQVD
HHGLVYHU\K
HVHFRQQHFWLQ
ODUJHQXPEHU
FNHGDXWRHQ
GSRUWLRQIUR
QDOWRFRPSU
V WKH FRPSU
HUDUFKLFDOQHW
 7KLV FRQVWU
HWZRUN WR DG
G
VWDFNHG WKH5
DJH7KLVQH
OHDUQHGP
HWZRUNLVPD
G WKH QHXURQ
FDW IDFHDQG
GHO+RZHYHU
HKDYHWRLQF
RGHODVLQ)L
:DUHFRQQ
PHDQVLQSX
QGOD\HUVD
LJK$IWHUOHD
JZHLJKWVDUH
OD\HU
FRGHU
PWKH
HVVHG
HVVHG
ZRUN
XFWHG
G WKH
%0
WZRUN
LOOLRQ
GHE\
V DUH
GULQN
 WKLV
UHDVH
J
HFWLQJ
WDQG
QDORJ
UQLQJ
XVHG
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E\WK
YDOX
SRVV
&
:
FRQI
HRQHOD\HUR
HVRIWKHPLG
LELOLW\RIWKHU
RQFOXVLRQ
H FRQVWUXFWH
LUPHGWKHRSH
IWKHGHHSOH
GOHOD\HUXVHV
HDOL]DWLRQRI
)LJ
)LJ7K
G D WKUHH OD\
UDWLRQRIWKHW
DUQLQJPRGHO
DVWKHLQSXW
WKHKDUGZDUH
7KHVWUXFWXUHR
HVWUXFWXUHRIL
HU QHXUDO QHW
KUHHOD\HUDQ
:HZLOOSLF
YDOXHRIQH[W
LPSOHPHQWDWL
ILQSXWRXWS
QSXWRXWSXW
ZRUN WZRLQ
DORJQHXUDOQH
NXSHDFKRX
UHSHDWRIDXW
RQRIWKHGHHS
XWDQGSDWWHUQV
SDWWHUQVDQGO
SXW OD\HUV WZ
WZRUNZLWKWK
WSXWYDOXHRI
RHQFRGHUOHD
OHDUQLQJPR
DQDORJQHXUDOQ
D\HUVDQDORJQHX
RPLGGOH OD
HPXOWLSO\LQJ
WKHPLGGOHOD
UQLQJ7KLVP
GHO
HWZRUN

UDOQHWZRUN
\HUV DQG RQH
FLUFXLWE\63
\HU7KHVHR
RGHOVXJJHVW
 RXWSXW OD\HU
,&(VLPXODWL
XWSXW
VWKH
 :H
RQ
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7KHFRQQHFWLRQZHLJKWFDQEHFKDQJHGE\FRQWUROOLQJWKHLQSXWYROWDJH7KLVPRGHOKDVH[WUHPHO\KLJKIOH[LELOLW\
FKDUDFWHULVWLFV:KHQWKHDQDORJQHXUDOQHWZRUNLVRSHUDWHGWKHV\QDSVHZHLJKWLVHVSHFLDOO\LPSRUWDQW,WLVKRZWR
JLYHWKHV\QDSVHZHLJKWWRWKLVQHXUDOQHWZRUN7RVROYHWKLVSUREOHPLWLVQHFHVVDU\WRDSSO\WKHPHWKRGRIWKHEDFN
SURSDJDWLRQ UXOH WKDW LV D JHQHUDO OHDUQLQJ UXOH IRU WKH PXOWLSOH HOHFWURQLF FLUFXLWV 7KLV QHXUDO FLUFXLW PRGHO LV
SRVVLEOH WKH OHDUQLQJ 7KH OHDUQLQJ VSHHG ZLOO EH UDSLG $QG G\QDPLF OHDUQLQJ ZLOO EH UHDOL]HG 7KH PHWKRG LV
FDOFXODWLQJ WKH GLIIHUHQFH EHWZHHQ WKH RXWSXW YROWDJH DQG WKH WHDFKLQJ VLJQDO RI WKH GLIIHUHQW FLUFXLWV DQG WKH
IHHGEDFNRIWKHGLIIHUHQFHYDOXHIRUFKDQJLQJFRQQHFWLQJZHLJKWV7KHOHDUQLQJF\FOHRIWKLVFLUFXLWLVWLPHV
SHUVHFRQG7KHOHDUQLQJVSHHGRIWKLVPRGHOLVYHU\KLJKLQVSLWHRIDYHU\VLPSOHFLUFXLWXVLQJORZFRVWHOHPHQWV
7KHOHDUQLQJWLPHRIWKLVPRGHOLVYHU\VKRUWDQGWKHZRUNLQJWLPHRIWKLVPRGHOLVDOPRVWUHDOWLPH7KHSXOVHG
QHXURQPRGHOUHSUHVHQWVWKHRXWSXWYDOXHE\WKHSUREDELOLW\RIQHXURQILUHV7RUHSUHVHQWWKHDQDORJTXDQWLW\XVLQJ
WKH3XOVHG1HXURQ0RGHOHQRXJKWLPHIRUDWOHDVWDIHZGR]HQSXOVHVLVQHHGHG7KHRXWSXWYDOXHRIWKLVPRGHOLV
WKHRXWSXWYROWDJHRIWKLVFLUFXLW:HGRQ¶WQHHGWRFRQYHUWWKHGDWDZHFDQXVHWKHUDZGDWDIURPWKLVPRGHO7KLV
PRGHODOORZVIRUVZLWFKLQJWKHZRUNLQJPRGHDQGOHDUQLQJPRGH,WLVDOZD\VQHFHVVDU\WRLQSXWWKHWHDFKLQJVLJQDO
+RZHYHU WKH FRQQHFWLQJZHLJKW FKDQJHV DFFRUGLQJ WR WKH FKDQJLQJ RI WKH WHDFKLQJ VLJQDO 7KLVPRGHO FDQ DOVR
HDVLO\DFFRPPRGDWHFKDQJHV LQ WKHHQYLURQPHQW ,QHDFKVFHQHRSWLPDO OHDUQLQJ LVSRVVLEOH0RUHRYHU WKHGHHS
OHDUQLQJPHWKRGLVSURSRVHGUHFHQWO\>@,WLVDNLQGRIDOJRULWKPVLQWKHOHDUQLQJPRGHO,WDWWHPSWVWRKLJKOHYHO
FDWHJRUL]LQJ GDWD XVLQJPXOWLSOH QRQOLQHDU WUDQVIRUPDWLRQV DQG RQHPHWKRG RIPDFKLQH OHDUQLQJ ,Q WKH ILHOG RI
LPDJHUHFRJQLWLRQDQGVSHHFKUHFRJQLWLRQ WKHGHHSOHDUQLQJPHWKRGKDVDWWUDFWHGWKHDWWHQWLRQ:HVXJJHVWHGWKH
SRVVLELOLW\RIUHDOL]DWLRQDERXWWKHKDUGZDUHLPSOHPHQWDWLRQRIWKHGHHSOHDUQLQJPRGHO,WZLOOLPSURYHWKHDUWLILFLDO
LQWHOOLJHQFHHOHPHQWZLWKVHOIG\QDPLFDOOHDUQLQJ7KHUHDOL]DWLRQRIDQLQWHJUDWLRQGHYLFHZLOOHQDEOHWKHOHDUQLQJ
WLPH WR EH UHGXFHG 7KH SURSRVHG PRGHO LV UREXVW ZLWK UHVSHFW WR IDXOW WROHUDQFH )XWXUH WDVNV LQFOXGH V\VWHP
FRQVWUXFWLRQDQGPRXQWLQJDODUJHVFDOHLQWHJUDWLRQ
5HIHUHQFHV
&0HDG$QDORJ9/6,DQG1HXUDO6\VWHPV$GGLVRQ:HVOH\3XEOLVKLQJ&RPSDQ\,QF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